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流为 3500A；采用氟化钠吸附配合氟气深度冷冻工艺，有效降低了氟气中的 HF 含量，当氟
化钠温度在 80～120℃，氟气深冷温度控制在-160～-170℃时，初级产品中的 HF 含量可降
低到 210ppmv 以下； 
2. 利用氟气与钨粉反应，得到了初级六氟化钨，当反应温度为 300℃，冷凝温度为-20℃
时，具有最佳的反应效率及直收率；采用反复冷冻、抽真空的方法对初级六氟化钨提纯得到
了高纯六氟化钨，经过 3～5 次循环，六氟化钨纯度可达 99.99%以上； 
3. 利用自行设计的开式沉积炉，以自制高纯六氟化钨和氢气为原料，在无氧铜表面沉
积了厚钨涂层；研究发现，温度的升高和氢气比例的升高可以提高沉积速率，但也会造成晶
粒尺寸的增大及表面平整度的降低，当沉积温度在 550℃，WF6 与 H2 两者比例为 1:3 时，所
获得的钨涂层具有适宜的沉积速率，较好的表面平整性以及由均匀、一致柱状晶组成的内部
组织结构；经检测，钨涂层的厚度超过 1mm，密度在 19.2g/cm3 以上，纯度达到了 99.9999%
以上；  
4. 所制备厚钨涂层硬度在 400～450HV 之间，热导率及热膨胀系数与加工态纯钨差别
不显著；与基体在室温下的结合强度大于 50MPa；裂纹阈值约为 2MJ/m2，高于锻造态纯钨




















The traditional methods of preparing tungsten coatings comprise plasma 
spraying, thermal spraying, molten salt electroplating, physical vapor deposition, 
chemical vapor deposition, etc. Among them, chemical vapor deposition of tungsten 
coating is particularly concerned with the advantages of its high purity and high 
density. In recent years，using tungsten as plasma facing first wall coating material in 
the international thermo-nuclear experimental reactor has caused worldwide concern 
and attention. The coating of high purity and density, in thickness greater than 1mm 
are required to withstand the impact of high-energy particles and high-calorie. 
Chemical vapor deposition is undoubtedly the most potential method. To the best 
knowledge of the author, quite few systemic study in raw materials preparation, 
coating preparation, coating thermal load performance testing of the chemical vapor 
deposition thick tungsten coating has been reported.   
In this thesis, the preparation process of tungsten hexafluoride is studied. Using 
self-made high purity tungsten hexafluoride as raw material, the thick tungsten 
coating is obtained using chemical vapor deposition(CVD) successfully; The 
influence of deposition process on the tungsten coating’s microstructure and 
deposition rate is studied. The adhesion strength between coating and substrate, 
CVD-W thermal load property and other performance are evaluated. The main 
research results are as follows:  
1.  The fluorine gas is obtained by electrolysis of anhydrous hydrogen fluoride, 
and the best electrolytic current is 3500 A; The content of HF in fluorine is reduced 
effectively using  fluorine deep freezing method along with sodium fluoride 
adsorption process. The HF content of primary products is less than 210ppmv as the 
temperature of NaF is 80 ~ 120℃, the freezing temperature of the fluorine gas is -160 
~ -170℃. 
2. The primary tungsten hexafluoride is obtained through the reaction of tungsten 
powder with purified fluorine gas. The best reaction parameter is 300℃ and the 
















reach more than 99.99% after 3 ~ 5 cycles of repeated freezing and vacuum. 
3. Using self-made high purity tungsten hexafluoride as raw material, a 
self-designed deposition furnace, oxygen free copper as base material, the thick 
tungsten coating is obtained successfully. The rising of temperature and the increasing 
of the proportion of hydrogen not only can enhance the deposition rate, but also 
induce the increasing of grain size and surface roughness. As the deposition 
temperature is 550℃ and the proportion of WF6 and H2 is 1:3, the CVD process of W 
coating has the appropriate deposition rate, the best surface smoothness and uniform 
columnar crystals. The thickness of the coating is more than 1mm, the density above 
19.2g/cm3, and the purity more than 99.9999%. 
4. Based on the performance test, the hardness of tungsten coating is 400 ~ 450 
HV. The coating’s thermal conductivity and thermal expansion coefficient is similar to 
that of forging pure tungsten. The bonding strength between tungsten coating and base 
material is greater than 50 MPa at room temperature. The tungsten coating can endure 
1000 cycles heat flowing of 11MW/m2 without failure. The crack threshold of crack 
of the tungsten coating under high thermal load is about 2MJ/m2 which is higher than 
that of pure tungsten of forging state.  
 



















第 1 章 绪论 ..................................................................................................................................... 1 
1.1 钨的性质及应用 ................................................................................................................ 1 
1.2 钨涂层的研究进展及现状 ................................................................................................ 2 
1.2.1 熔盐电镀 ................................................................................................................ 4 
1.2.2 热喷涂 .................................................................................................................... 4 
1.2.3 物理气相沉积 ......................................................................................................... 6 
1.2.4 化学气相沉积 ......................................................................................................... 6 
1.3 六氟化钨的研究进展及现状 .......................................................................................... 10 
1.3.1 利用 C12—HF 混合物与钨反应制取 WF6 ......................................................... 11 
1.3.2 利用高纯度 NF3 与金属钨反应制取 WF6 .......................................................... 11 
1.3.3 利用氟气直接与钨反应制取 WF6 ...................................................................... 12 
1.4 论文研究的意义 .............................................................................................................. 12 
1.5 论文研究目的和内容 ...................................................................................................... 13 
第 2 章 实验方法与分析技术 ....................................................................................................... 14 
2.1 研究整体方案 .................................................................................................................. 14 
2.2 六氟化钨制取实验方法 .................................................................................................. 14 
2.2.1 六氟化钨制取实验设备 ....................................................................................... 14 
2.2.2 实验材料 .............................................................................................................. 16 
2.2.3 实验过程 .............................................................................................................. 16 
2.3 化学气相沉积制备厚钨涂层实验方法 .......................................................................... 17 
2.3.1 化学气相沉积设备 ............................................................................................... 17 
2.3.2 实验材料 .............................................................................................................. 20 
2.3.3 沉积实验过程 ....................................................................................................... 20 
2.4 分析检测 .......................................................................................................................... 21 
2.4.1 六氟化钨的分析检测 ........................................................................................... 21 
2.4.2 CVD-W 涂层组织、特性检测分析 ..................................................................... 22 
2.5 本章小结 .......................................................................................................................... 23 
















3.1 电解过程 .......................................................................................................................... 24 
3.1.1 电解制取氟气 ....................................................................................................... 24 
3.1.1.1 电解电流对反应速率的影响 .................................................................... 25 
3.1.1.2 电解电流对氟气利用率的影响 ................................................................ 26 
3.1.2 纯化塔吸附 HF .................................................................................................... 27 
3.1.2.1 吸附过程 ................................................................................................... 27 
3.1.2.2 解析过程 ................................................................................................... 27 
3.1.3 氟气深冷罐去除 HF ............................................................................................ 28 
3.1.4 尾气处理器去除 F2 .............................................................................................. 29 
3.1.5 尾气吸收塔........................................................................................................... 30 
3.1.6 污水池去除 F - ..................................................................................................... 30 
3.2 氟化过程 .......................................................................................................................... 30 
3.2.1 WF6 反应制备 ........................................................................................................ 31 
3.2.1.1 氟化反应温度对六氟化钨反应速率的影响 ............................................ 31 
3.2.1.2 氟化反应温度对氟气利用率的影响 ........................................................ 32 
3.2.2 WF6 冷凝 ................................................................................................................ 33 
3.2.3 尾气吸收塔去除 WF6 及 F2 ................................................................................. 34 
3.2.4 六氟化钨提纯过程 ............................................................................................... 34 
3.3 六氟化钨制取的最佳工艺 .............................................................................................. 35 
3.4 本章小结 .......................................................................................................................... 36 
第 4 章 CVD 厚钨涂层制备过程及工艺研究 ............................................................................. 38 
4.1 引言 ................................................................................................................................. 38 
4.2 沉积温度对化学气相沉积钨涂层的影响 ...................................................................... 38 
4.2.1 温度对钨涂层沉积速率的影响 ........................................................................... 38 
4.2.2 温度对钨涂层微观组织的影响 ........................................................................... 39 
4.3 气体配比对化学气相沉积钨涂层的影响 ...................................................................... 42 
4.3.1 气体配比对钨涂层沉积速率的影响 ................................................................... 43 
4.3.2 气体配比对钨涂层微观组织的影响 ................................................................... 44 
4.4 CVD-W 涂层性能 ............................................................................................................ 47 
















4.4.2 CVD-W 与基材的室温结合强度 ......................................................................... 51 
4.4.3 CVD-W 热负荷试验 ............................................................................................. 52 
4.5 本章小结 .......................................................................................................................... 53 
第 5 章 结  论 ............................................................................................................................... 55 
参考文献......................................................................................................................................... 57 
致  谢 ............................................................................................................................................ 60 
附录 1：.......................................................................................................................................... 61 
























在标准温度和常压下，α型钨是稳定的体心立方结构，a=(0.316254 ± 0.000004) nm 
(25℃)， 通常其力学性能也最高；β型钨只有在有氧存在的条件下才能出现，由
于纯钨中掺杂了氧间隙原子，使得其晶格常数发生了变化，β型钨属于亚稳晶型，
立方 A15 晶格，a=0.5037～0.509nm，它在 630℃以下是稳定的，在 630℃以上又
转化为 α 钨，并且这一过程是不可逆的，β 型钨的力学性能远远小于 α-W；γ 型
钨是面心立方结构，仅发现在溅射最初期的薄层和无定型钨中，a=0.423 nm，大
于 700℃时转变为 α-W。 







































能力，成为制造吸收 X 射线和 γ 射线器件的材料；钨的高密度特性还可用来制
造高比重钨合金，用液相烧结制成的高密度钨合金除密度高外还有比纯钨更好的
冲击性能，被用作制造高穿透力的军用穿甲弹；钨具有高耐温性及低污染特性，



































世界范围内的关注和重视[12-14]，图 1.1 为热核聚变堆内部示意图。 
 
 































目前国外研究较多的是基于卤化物体系的熔盐电沉积。如 Koji 等[17]以 WCl4
作为钨源，在 250℃通过恒电位电解 ZnCl2-NaCl-KCl-KF 熔盐在镍衬底上沉积出
厚度不到 1μm 的纯钨薄膜层。Hironori 等[18]在 ZnCl2-NaCl-KCl 熔盐体系中加入
WO3 作为钨源，在 250℃温度下采用恒电位电解法获得厚 2.5μm 的钨镀层，为了
使 WO3 较易溶解，在体系中加入了 KF。由于卤化物体系中都要加入 KF 这种毒
性物质，而且该体系一般要求进行严格的物质净化，过程复杂且较难控制，所以
其应用受到了限制。 
国内进行熔盐镀钨的研究始于 20 世纪 90 年代初，文振环等 [19]在 
KF-B2O3-K2WO4 熔盐体系中得到了平整光滑的钨镀层，并研究了工艺条件对镀
层性能的影响。马瑞新等[20-21]采用 Na2WO4-ZnO-WO3 体系电镀钨涂层，在空气
及 850 ～ 950 ℃条件下得到表面平整的钨镀层。李运刚等 [22-23] 也对
Na2WO4-ZnO-WO3 体系中电沉积钨涂层做了较详细的研究。当 n(Na2WO4): 
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